To define the neural-specific expression of rat repetitive identifier (ID) DNA, we cotransfected an intron B subclone of the rat growth hormone (rGH) gene, containing a tandem array of two type 2 repeats and a single ID monomer, and a plasmid conferring neomycin resistance into human SK.-N-MC neuroblastoma, HeLa epidermal carcinoma, 293 kidney and 251 MG glioblastoma cells. Transcript analysis from both individual and pools of G418-resistant cells revealed that rGH intron B repeats were expressed only in SK.-N-MC neuroblastoma cells as small, cytoplasmic RNAs of 85, 110, 155 and 180 bases. Primerextension studies show these repetitive RNAs to contain a common 5' end that maps precisely to the beginning of the ID element and that type 2 transcripts are not stably expressed. However, ID DNA expression from two other transfected plasmids, each containing only the ID core sequence, was not restricted to the SK-N-MC cell line. These data show that the transfected rGH ID sequence is selectively expressed in a neural-specific manner resulting in BC-like RNAs, and furthermore, suggest that flanking DNA may play a role in cell-specific expression of certain repetitive DNA elements.
INTRODUCTION
Short length, middle-repetitive DNA consists of about 3 x 10 related sequences which are dispersed throughout the mammalian genome (1) (2) (3) . Individual elements can be grouped into families based on sequence homology and length (4, 5) . Two of the most abundant rodent repetitive DNA families include the type 2 repeat and a related, but truncated, version containing 66% homology to the first 73 bp of the type 2 DNA, which we have termed the truncated repeat (TR) (4) (5) (6) (7) (8) (9) . The type 2 and TR sequences may be evolutionarily derived from tRNA genes, and many individual elements are transcribed in vitro by RNA polymerase III (pol III) (8) (9) (10) (11) (12) (13) . Additionally, flanking sequences, promoter organization and factor competition may all influence repetitive DNA expression in vitro (8, 10) .
Mechanisms which regulate repetitive DNA expression in vivo, however, remain essentially unknown. Type 2 transcripts are typically found in heterogenous nuclear (hn) RNA and are present in only small amounts as stable, cytoplasmic products (1, 5, 6) . By contrast, TR transcripts are expressed in a tissue-specific and developmentally regulated manner in neural tissues as small, stable cytoplasmic RNAs (14-19; for review see ref. 20) . Because these RNAs were initially identified in brain cytoplasm, they were termed BC RNAs, and the DNA sequence to which they hybridized was termed brain identifier (ID) element (14) . Although there are about 10 copies of TR DNA, recent data indicate that BC1 RNA is transcribed from only one or a few of these elements (18) . We use the term "ID" to denote the small subset of TR sequences that are brain-specific.
BC1 RNA is a tripartite structure of about 160 bases containing the first 75 bp of the ID sequence as the 5' domain, an A-rich tract of heterogenous length as the middle domain, and a unique 23 bp sequence as the 3' BCl-specific domain (18) . BC1 RNA expression is developmentally regulated and restricted to neural tissue and the anterior pituitary (15) (16) (17) . BC2 is about 100-110 bases long, abundant in brain but is also present in very low amounts in peripheral tissues (15, 17) . BC3 is about 75 bases long, probably represents the ID "core" sequence, and is also found in abundant quantities in the testes (15) (16) (17) . Brain-specific transcripts analogous to the rat BC RNAs have been found in the mouse, hamster and monkey (17, 19, 20) . However, in many cultured rodent cell lines, BC RNA expression is not restricted in a neural-specific manner (17, 20) . Also, it is not apparent in human cell lines, even at low hybridization stringency (17) .
In the current study, we co-transfected an intron B subclone of the rat growth hormone (rGH) gene containing two type 2 repeats and a single TR arranged in tandem (8) , or alternatively, individual ID clones, together with a plasmid conferring neomycin resistance into a variety of human neural and non-neural cell lines in order to further define the cell-specific expression of TR/ID DNA. By using human cell lines, we were able to analyze the expression of transfected rodent repeats, since these sequences do not cross-hybridize with human repetitive DNA sequences (1, 2) . The rGH intron B repeats were chosen for this study since: 1) their expression in vitro by HeLa cell extracts and in Xenopus oocytes has been characterized ( Fig. 1) (8,9) ; 2) the type 2 repeats serve as an internal control; and 3) the rGH TR, but not the ID subclones, contain 3' flanking DNA which may include a unique domain conferring cellspecificity. Our data show that the rGH TR element is selectively expressed in transfected SK-N-MC neuroblastoma cells, but not in HeLa epidermal carcinoma, 293 kidney or 251 MG glioblastoma cells, resulting in significant quantities of stable, cytoplasmic BC-like RNAs. Primer extension studies mapped the 5' end of these RNAs precisely to the beginning of the rGH TR element and failed to demonstrate any transcripts containing type 2 sequences. By contrast, expression of two other ID subclones (p2A120 and plB224), containing only the ID core repeat and a short A tract (14) , was detected in transfected HeLa, 293 and 251 MG cells. These data indicate that certain members of the TR family can function as neural-specific identifier elements, and that flanking DNA structures possibly influence this behavior.
MATERIALS AND METHODS
Plasmid DNAs. The plasmid prGH-1250 (7, 8) contains a 1250 bp PstI fragment of the Sprague-Dawley rGH gene, including the last five bases of exon 1 through the middle of intron C, inserted into the PstI site of pBR322 (Figs, la and b). Plasmids p2A120 and plB224, each containing a "core" ID sequence of 75 bp followed by about 7 bp of oligo A, and preceded by intron-like sequences, were kindly provided by Dr. G. Sutcliffe (14) . The plasmid pneodX used in these studies was derived from the vector pKOneo (kindly provided by Dr. D. Hanahan, Cold Spring Harbor), which contains the neomycin resistance gene and SV40 mRNA processing signals downstream from the SV40 enhancer and early promoter, the BamHI-EcoRI fragment of pBR322, and the lac UV5 promoter. The plasmid pneodX was obtained by deleting the BamHI-Ndel fragment of pBR322 and adding Xhol linkers at the EcoRI site; this shortens the vector length but maintains the origin of replication and ampicillin resistance sequences of pBR322 (21) . Plasmid DNAs were prepared by polyethylene glycol precipitation of overnight bacterial cultures followed by banding in CsCl gradients (22, 23) .
Cell culture and DNA transfection. HeLa, SK-N-MC (24), 251 MG (25) and 293 (26) cell lines were obtained from the Tissue Culture Facility at the University of California, San Francisco. Cells were grown in Dulbecco's modified Eagle's medium (DMEM), 10% fetal bovine serum, 50 U/ml penicillin and 50 /Jg/ml streptomycin. Individual cell lines (1x10 cells per 10cm plate) were co-transfected with 1 /ig of pneodX and 10 ng of either prGH-1250, p2A120 or plB224 DNA by the calcium phosphate procedure (27) . Cells were selected in medium containing 1 mg/ml G418 (Geneticin, Gibco) and pools of G418-resistant colonies were grown to mass culture. To obtain individual G418-resistant colonies, isolated clones were overlayed with a 3 mm paper disc (Whatman 3MM) impregnated with 0.2% trypsin. After 3 min., each 3 mm disc was transferred to a single well of a 24-well tissue culture plate and the individual colonies were grown to mass culture as described above.
RNA isolation and analysis. Nuclear and cytoplasmic RNA was isolated from control and transfected cells as described (28, 29) . RNA was either electrophoresed through 1.5% agarose gels containing formaldehyde or glyoxylated and electrophoresed through nondenaturing gels and then transferred to nitrocellulose paper (30, 31) . RNA size was estimated on 5% polyacrylamide-8M urea gels and electrophoretic transfer to nylon membranes (ZetaProbe, BioRad) at 30V overnight in 5mM Tris-acetate, pH 7.8, 2.5 mM sodium acetate, and 0.25 mM EDTA. Blots were then hybridized to the 1250 bp PstI insert of prGH-1250, which had been purified by gel electrophoresis and labelled by nick-translation to 10 cpm/pg. Primer extension studies were performed essentially as described by Singh et al. (32) , using either a synthetic 21-base oligonucleotide specific for transcripts containing the rGH TR/ID sequence (see Fig.4 ) or a 16-base oligonucleotide specific for transcripts containing the rGH type 2 sequence. These oligonucleotides (kindly provided by Dr. J.A. Iwasa, California Biotechnology, Inc.) were end-labelled with [-y-3^P ]ATP (>7000Ci/mmol, ICN) and T4 polynucleotide kinase (P-L Biochemicals). About 5xlO 4 cpm of either the [ 32 P]-labeled 21-mer or 16-mer and 50 ng of cytoplasmic RNA were boiled for 3 minutes and then annealed for 3 hours at 50°C in 300mM NaCl, lOmM Tris-Cl pH 7.8, and lmM EDTA. Following the hybridization, samples were incubated with 100 U/ml of avian myeloblastosis virus reverse transcriptase (Life Sciences) for 1 hour at 42°C in a buffer adjusted to 60mM NaCl, lOmM Tris-Cl pH 7.8, lOmM dithiothreitol, ImM dNTPs, 8mM MgC^, 50 mg/ml actinomycin D and 1000 U/ml RNAsin (Promega Biotech). The reaction was stopped by phenol/chloroform extraction and ethanol precipitation. Extended products were dissolved in 80% formamide dye mix, heated at 90°C for 5 minutes and then loaded onto 8% polyacrylamide -8M urea sequencing gels. Primer extended products were visualized by autoradiography at -70°C using an intensifying screen. 
RESULTS
Transcription map of rGH intron B repetitive DNA derived from cell-free and Xenopus oocvte trancription studies. Previous HeLa cell-free transcription studies revealed that the rGH-intron B type 2 structures are efficiently transcribed by pol III and result in two sets of overlapping primary transcripts of 175 to 730 nucleotides which map to pol III initiation and termination signals and utilize tRNA gene transcription factors ( Fig. 1) (8) . However, the rGH-TR elements exhibited little, if any, transcription activity in vitro and were found only as parts of larger RNAs directed by upstream type 2 elements. In Xenopus oocytes, however, transcripts derived from type 2 repeats do not accumulate as stable species (9) . Instead, a single, 73-base RNA containing the TR/ID "core" structure and coinciding with the tRNA homology within the TR region accumulates preferentially by posttranscriptional processing of larger, pol III repeat transcripts (Fig.Id) (9) . figure) since the 1250 bp probe contains exons 2 and 3 of the rGH gene (7, 8) . The GH lane also displays the smear pattern typically observed when rodent RNA is probed with rodent middle-repetitive DNA (4, (14) (15) (16) (17) 19) . This smear of radioactivity, which is most evident above the 18S marker, is presumed to represent leakage of nuclear RNA polymerase II transcripts containing interspersed, middle-repetitive DNA sequences (1, 19) .
To determine directly whether any rGH-intron B transcripts occur in large hnRNA structures and if the differential expression of intron B DNA is maintained at the nuclear level, nuclear RNA from control and transfected HeLa and SK-N-MC cells was prepared and analyzed. As shown in lanes marked "Pst 1250" in Fig. 2 , transcripts slightly larger than the cytoplasmic repeat RNAs were found in nuclear RNA from transfected SK-N-MC cells and, to a much lesser degree, in HeLa cells. Large hnRNAs (>18S) containing intron B sequences were not found in either HeLa or SK-N-MC cells, whereas the intron B repeat transcripts tend to be restricted to the nucleus in transfected HeLa cells.
To determine the size of this RNA more precisely, we electrophoresed it on a 5% polyacrylamide-8M urea gel, electrophoretically transferred it to a nylon membrane, and probed it with the 32 P-Iabeled, 1250 bp Pst I fragment (Fig. 3) . comparison, the putative brain-specific transcripts of 155 nt (BC1) and 100 nt (BC2) found in rat brain RNA are also shown (Fig. 3) (17) . The BC3 RNA of about 75 nt is barely visible in the brain tract in Fig. 3 . Of particular note, a transcript equivalent in size to the BC1 RNA (155 nt) is also found in the SK #2-4, SK. pool and cultured GC cells (Fig. 3) . Additionally, the RNA from rat brain clone #2-4, GC pituitary cells and, to a much lesser extent, from the pool results in a hybridization signal which migrates as a smear at the top of the gel. This smear is typically observed in Northern blots probed with repetitive DNA and has been ascribed to mRNAs which contain repeat sequences in their 3' untranslated regions and to nuclear leak of hnRNAs (1, 4, (14) (15) (16) (17) (18) (19) . The lack of such a signal in the individual clones #1-2, #2-1 and #2-2 suggests that prGH-1250 DNA did not integrate downstream from a pol II promoter in these clones. Whereas the intense smear in clone #2-4 indicates that in this case prGH-1250 DNA may have integrated into an active pol II transcription unit. Finally, none of the rGH-intron B transcripts expressed in transfected human neuroblastoma cells are of a size similar to either the rGH-intron B transcripts generated in vitro in HeLa cell extracts or Xenopus oocytes (Figs. 1  and 3) (8,9) . Primer extension analysis of rGH-intron B RNAs expressed in transfected SK-N-MC cells. In Figures 2 and 3 , it was not possible to distinguish if the intron B RNAs we identified in transfected SK-N-MC cells were derived from the type 2 and/or TR repetitive DNA because the probe used contains the entire intron B region of the rGH gene. Furthermore, we wished to determine the 5' end(s) for these transcripts. If pol III was responsible for these transcripts, then these RNAs should have a similar 5' end that should be located about 15 nt upstream from the A box of the pol III promoter (8, 10, 32, 33) . To address these points specifically, primer extension studies were performed using synthetic oligonucleotides specific for either the TR/ID or for the type 2 repetitive DNA sequence.
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The 21-base, TR/ID primer (5'-GGCCTTGCGCTTCCTAGGTAA-3') corresponds to the mid-portion of the rGH-TR (or ID) sequence (nucleotides 995-1015 in ref. 7) . It contains 17 mismatches with the type 2 sequence in this region (see below) and, therefore, is specific for TR/ID transcripts (Fig. 4) . The 5' end of the TR/ID primer is 53 nt downstream from the beginning of the TR/ID sequence, 226 nt downstream from the second type 2 sequence, and 422 nt downstream from the beginning of the first type 2 element (Fig. 4c) . As shown in Fig. 4d , cytoplasmic RNA from control and transfected HeLa cells, control SK-N-MC cells and a mock tRNA reaction did not result in any products specifically extended by the TR/ID primer with reverse transcriptase. The DNA extension products migrating at about 42 bases are common to all the lanes, including the tRNA control, and are, therefore, not specific for rGH-intron B transcripts. However, a major extension product of 53 nt results when RNA from transfected SK-N-MC cells is primed with the TR/ID oligonucleotide (Fig. 4d) . This indicates that the 5' end of at least some of the rGHintron B transcripts corresponds precisely to the beginning of the TR/ID repeat. Furthermore, annealing the TR/ID primer with rat brain or GC cell cytoplasmic RNA results in an extended product of a similar size (Fig. 4d ).
These data demonstrate that rat brain, cultured rat pituitary tumor cells and transfected human neuroblastoma cells all express small cytoplasmic RNAs that are homologous to the brain identifier sequence and that share a common 5' end. Although the 5' end of these transcripts corresponds precisely to the putative pol III transcription initiation site of the ID sequence, these studies cannot unambiguously exclude the possibility of rapid posttranscriptional processing of transcripts initiated at either of the upstream type 2 sequences resulting in the relative accumulation of an RNA species containing only the TR/ID repeat sequence (19) . -53 52 Figure 5 : Cell-specific expression of different ID elements. HeLa, 293, 25IMG and SK-N-MC cells were co-transfected with pneodX (1 /ig) and 10 \i% of the plasmid indicated. Pools of G418 resistant colonies were grown to mass culture and cytoplasmic (50 /ig) RNA was primed with the ID primer. Brain RNA was similarly analyzed, and extended products were sized as in Fig. 4 . The 53 nt extended products are indicated by arrows.
However, larger extension products mapping initiation events at the type 2 sequences (422 or 226 nt) were not detected, even after prolonged exposures of the gel in Fig. 4D (data not shown).
To determine directly if any cytoplasmic transcripts arose from either of the type 2 repeats but were terminated upstream from the TR element, primer extension studies were performed analogous to those described for the TR primer. In this case, a synthetic 16-base oligonucleotide specific for the type 2 repeat sequence, 5'-TGGAAGAGCAGTCGGG-3, corresponding to nucleotides 604-619 in the first type 2 repeat and 799-814 in the second type 2 repeat as numbered by Barta et al. (7), was used. The type 2-specific primer did not result in any extended DNA products, indicating that cytoplasmic RNA from control and transfected HeLa and SK-N-MC cells, and rat brain, do not contain type 2 sequences (data not shown).
Cell-specific expression of different ID sequences. To determine if the expression of the rGH intron B ID sequence is restricted to SK-N-MC neuroblastoma cells, we co-transfected human 251 MG glioblastoma cells and 293 embryonal kidney cells with prGH-1250 and pneodX and isolated total RNA from pools of G418-resistant cells, as described previously. Primer extension analysis with the ID primer revealed that the rGH intron B ID sequence is expressed only in SK-N-MC cells ( Fig. 5 ; Pst 1250 lanes). By contrast, two other ID sequences (p2A120 and plB224) containing variable lengths of intron-like sequences, a 75 bp ID "core" structure in the middle and a short A tract at the 3' end (14) , are both expressed in 293 embryonal kidney and 251 MG glioblastoma cells (Fig. 5, lanes p2A120 and plB224) . In HeLa cells, p2A120 ID DNA is expressed to a lesser degree, and expression of plB224 is inconclusive due to some loss of sample prior to gel loading. Of particular importance is that all ID transcripts, regardless of cell-type in which they were expressed or vector from which they originated, once transcribed they contain the same 5' end. Thus, upstream type 2 sequences are not required to promote ID expression, since p2A120 arid plB224 are expressed. However, the type 2 sequences may somehow influence the cell-specific expression of the rGH ID element.
DISCUSSION
We have compared the expression of several rodent ID elements in different human cell lines and our data show that the expression of the rGH intron B ID element is restricted to SK-N-MC neuroblastoma cells, whereas the expression of other ID elements occurred in HeLa, 251 MG and 293 cells. The type 2 repetitive elements in rGH intron B served as an internal control, and stable cytoplasmic transcripts from this family of repeats were not detected in transfected HeLa or SK-N-MC cells. The cell-specificity of rGH intron B ID expression is apparently highly selective, since its expression was not found in either HeLa epidermal carcinoma cells ; 251 MG glioblastoma cells, representing neural supportive cells (25) ; or in 293 embryonal kidney cells, which express the EIA product of adenovirus (26) . The inability of EIA to influence the expression of rGH intron B ID DNA in 293 cells further suggests that rGH ID expression in SK-N-MC cells is not due to effects of a nonspecific activator of pol HI transcription (34) .
The differential cell expression of ID elements from prGH-1250, p2A120 and plB224 may be due to sequence differences. Recent data suggest that BC RNAs are transcribed from only one or a few of the 10 TR elements, and that this single TR element represents the neural-specific ID sequence, or BC1 gene(s), and is marked by a unique 23 bp sequence 3' to the A-rich domain (18) . It is conceivable that p2A120 and plB224 have lost neural-specific expression due to a lack of the BC-specific structure, since they were cloned by priming RNA with oligo-dT (14) . By contrast, prGH-1250 contains 237 bp of genomic DNA 3' to the A-rich tract of its ID sequence (8) . However, significant homology to the 23 bp BC-specific sequence is not found in the 1250 bp Pst I fragment in prGH-1250 (7, 8) . These data suggest that other sequences present in prGH-1250 are responsible for tissue-specific ID DNA expression. In this respect, the transcriptional regulatory element that promotes neural-specific expression of the JC virus contains significant homology with the ID repeat sequence and only minimal homologies with the 23-bp BC1-specific sequence, and 80% of transgenic mice containing early regions of JC virus developed adrenal neuroblastomas (35, 36) . Clearly, certain DNA structures, either alone or in combination, are required to result in neural-specific expression. The combination of a 75 bp ID element and a nonrepetitive 23 bp 3' element may be one mechanism, as suggested by DeChiaria and Brosius (18) .
However, prGH-1250 DNA transfected into human SK-N-MC neuroblastoma cells or JC virus regulatory regions resulting in neuroblastomas in transgenic mice provide model systems that may allow the determination of the precise sequences required. However, whether these sequences function positively to activate neural-specific transcription or function negatively to inhibit ID DNA expression in non-neuronal cells remains unanswered.
The structure of the rGH intron B ID transcripts in transfected SK-N-MC cells greatly mimics the BC RNAs in neural tissues (17, 20) . Specifically, they share the same 5' end (Figs. 4d and 5), several are of the same size (Fig. 3) , and many contain A-rich tracts (data not shown). Furthermore, they both represent stable, cytoplasmic RNAs derived from repetitive DNA; a relatively uncommon finding (1). Although BC RNAs have not been shown to be derived from a single gene, current data indicates that the size differences of BC1 (160 nt), BC2 (110 nt) and BC3 (75 nt) are due to differences in the 3' end (15, 18) . Since the rGH intron B ID transcripts contain a homogenous 5' end, it is likely that size differences are also due to different 3' ends. The first pol III termination signal occurs 330 nt downstream from the beginning of the rGH ID element (8) . Furthermore, there are neither signals for pol II polyadenylation nor weak pol III termination that coincide with the lengths (180, 155, 110 and 85 bases) of the ID RNAs in SK-N-MC cells (7, 8) . Most BC1 RNAs end with a stretch of thymidines, suggesting that in vivo BC1 is an unprocessed, pol III transcript (18) . The mechanism whereby alternative 3' ends are generated to result in BC2 and BC3 RNAs remains unknown. One speculation is that cell-specific, posttranscriptional processing may play a role in cytoplasmic stabilization of discrete classes of repetitive DNA transcripts (9) .
Our data suggest that pol III transcribes the rat ID elements in transfected human cells. The common 5' end of the transcripts which maps precisely to the beginning of the ID monomer, whether expressed by p2A120, plB224 or prGH-1250, is located 15 bases upstream from the pol III box A promoter element, a typical pol III initiation site (8, 10, 32, 33) . Additionally prGH-1250 DNA lacks the pol II promoter of the rGH gene ( Fig. 1 and ref. 8) . The lack of large, heterogeneous nuclear RNAs containing repeated sequences (Fig. 2) also suggests that pol II does not contribute significantly to ID DNA expression in transfected cells. However, the role of transcriptional versus posttranscriptional influences on neural-specific expression of the rGH intron B ID sequence remains unclear.
The biological significance of middle-repetitive DNA and its transcripts remains elusive. This DNA has been implicated in DNA recombination, DNA replication, gene regulation, transposition, or serving no function at all (selfish DNA) (1-3). The recent observations that transcripts from discrete repeated families are expressed and regulated in a tissue-, transformation-and stage-specific manner suggests that at least certain subsets of these repeated elements may have biological significance. The current findings lend support to this hypothesis, and the gene-transfer assay described here should prove very useful in testing directly the precise TR sequence requirements to result in a neural-specific ID element.
